Coded modulation is a bandwidth efficient scheme that combines the functions of coding and modulation. In this contribution, a comparative study of Trellis Coded Modulation (TCM), Turbo Trellis Coded Modulation (TTCM), Bit-Interleaved Coded Modulation (BICM) and Iterative Decoding assisted BICM (BICM-ID) schemes over Gaussian and uncorrelated narrowband Rayleigh fading channels is presented in the context of &level Phase Shift Keying (SPSK), 16-level Quadrature Amplitude Modulation (16QAM) and 64QAM. We comparatively study the associated decoding complexity, block length and bandwidth efficiency. It is shown that TTCM constitutes the best compromise scheme, followed by BICM-ID.
INTRODUCTION
One of the most important objectives in the design of digital cellular systems is the efficient exploitation of the available spectrum in order to accommodate the ever-increasing traffic demands. The design of coded modulation schemes is affected by a variety of criteria. A high squared Free Euclidean Distance (FED) is desired for Additive White Gaussian Noise (AWGN) channels, while high Effective Code Length (ECL) and minimum product distance are desired for fading channels [l] .
Trellis Coded Modulation (TCM) [2] was proposed originally for Gaussian channels, which was further developed for applications in mobile communications [l, 3) . Turbo Trellis Coded Modulation (TTCM) [4] is a more recent joint coding and modulation scheme that has a structure similar to that of the family of power efficient binary turbo codes [5] , but employs TCM schemes as component codes. TTCM [4] requires 0.5 dB lower Signal-to-Noise Ratio (SNR) at a bit error rate (BER) of lob4, than binary turbo coded 8PSK over AWGN channels. TCM and TTCM invoked SetPartitioning (SP) based signal labeling, in order to achieve a higher FED between the unprotected bits of the constellation, so that parallel trellis transitions can be associated with the unprotected Information Bits (IBs). This reduced the decoding complexity. Furthermore, in our TCM and TTCM investigations, random symbol interleavers were utilised.
Another coded modulation scheme distinguishing itself by utilising bit-based interleaving in conjunction with Gray signal constellation labeling is referred to as Bit-Interleaved Coded Modulation (BICM) [6]. More explicitly, BICM combines conventional convolutional codes with several independent bit interleavers, in order to increase the achievable diversity order. With the aid of bit interleavers the code's diversity order can be increased to the binary Hamming distance of a code [6]. The number of parallel bit-interleavers equals the number of coded bits in a symbol for the BICM scheme proposed in [6]. The performance of BICM is better than that of TCM over uncorrelated (or perfectly interleaved) narrowband Rayleigh fading channels, but worse than that of TCM in Gaussian channels due to the reduced Euclidean distance of the bit-interleaved scheme [6].
Recently iterative joint decoding and demodulation assisted BICM referred to as BICM-ID was proposed in (7, 81, which uses SP based signal labeling. The approach of BICM-ID is to increase the Euclidean distance of BICM and hence to exploit the full advantage of bit interleaving with the aid of soft-decision feedback based iterative decoding PI.
SYSTEM OVERVIEW
The schematic of the coded modulation schemes under consideration is shown in Figure 1 . The source generates random IBs, which are encoded by one of the TCM, TTCM or BICM encoders. The coded sequence is then appropriately interleaved and used to modulate the waveforms according to the symbol mapping rules. For a narrowband Rayleigh fading channel in conjunction with coherent detection, the relationship between the transmitted discrete time signal ~t and the received discrete time signal yt is given by
where pt is the Rayleigh-distributed fading amplitude having an expected value of E(& = 1, while nt is the complex AWGN with variance U; = U $ = N012. For AWGN channels we have pt = 1. The receiver consists of a coherent demodulator followed by a deinterleaver and one of the TCM, TTCM or BICM decoders. TTCM schemes consist of two component TCM encoders and two parallel decoders. In BICM-ID schemes the decoder output is appropriately interleaved and fed back to the demodulator input, as shown in Figure 1. likelihood decoding of TCM and TTCM over fading channels is
The log-domain branch metric required for the maximumRate State Table 1 shows the generator polynomials for the TCM and TTCM codes in octal format. These are systematic codes that add one parity bit to the IBs. Hence, the coding rate for a 2m+1-ary signal in PSK or QAM is R = 3. decoding of the coded modulation schemes. The Log-MAP algorithm is a numerically stable version of the MAP algorithm operating in the log-domain, in order to reduce its complexity and to mitigate the numerical problems associated with the MAP algorithm [12] .
SIMULATION RESULTS AND DISCUSSIONS
In this section we study the performance of TCM, TTCM, BICM and BICM-ID using computer simulations. The complexity of the coded modulation schemes is compared in terms of the number of decoding states and the number of decoding iterations. For a TCM or BICM code of memory M , the corresponding complexity is proportional to the number of decoding states S = 2' .
Since TTCM schemes invoke two component TCM codes, a TTCM code invoking t iterations and using an S-state component code exhibits a complexity proportional to 2. t . S or t .2M+'. As for BICM-ID schemes, only one decoder is used but the demodulator is invoked in each decoding iteration. However, the complexity of the demodulator is assumed to be insignificant compared to that of the decoder. Hence, a BICM-ID code with t iterations using an S-state code exhibits a complexity proportional to t . S or t . 2M. scheme over AWGN channels. It is clear from the figure that a high interleaving block length is desired for the iterative TTCM and BICM-ID schemes. The block length does not affect the BICM-ID performance during the first iteration, since it constitutes a BICM scheme using SP based phasor labeling. However, if we consider four iterations, the performance improves, converging faster to the Error-FreeFeedback (EFF) bound [7] for larger block lengths. At a BER of a 500-bit block length was about 1 dB inferior in SNR terms in comparison to the 2000-bit block length in the context of the BICM-ID scheme. A slight further improvement was obtained for the 4000-bit block length. In other words, the advantage of BICM-ID over TCM is more significant for larger block lengths. The 8-state TTCM performance also improves, when using four iterations, as the block length is increased. The 64-state TCM, 64-state BICM, 8-state TTCM using four iterations and 16-state BICM-ID along with four iterations exhibit a similar complexity. At a BER of TTCM requires about 0.6 dB lower SNR than BICM-ID, 1.6 dB less energy than TCM and 2.5 dB lower SNR than BICM. When the coding Complexity is reduced such that 8-state codes are used in the TCM, BICM and BICM-ID schemes, their corresponding performance becomes worse than that of the 64-state codes, as shown in Figure 3 . In order to be able to compare the associated performance with that of 8-state BICM-ID using four iterations, 8-state TTCM along with two iterations is employed. Observe that due to the insufficient number of iterations, TTCM exhibits only marginal advantage over BICM-ID. Figure 4 shows the performance of TCM, TTCM and creased to four for TTCM and to eight for BICM-ID, TTCM exhibits a better performance, as seen in Figure 4 .
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Due to the associated SP, the intrasubset distance of TCM and TTCM increases down the partition tree. It was shown in [4] that we only need to encode T% = 2 out of 5 IBs in the 64QAM/TTCM for target BERs around in AWGN channels. Hence there are Z5-% = 8 parallel transitions due to the three uncoded IBs in the trellis of 64QAM/TTCM. Figure 5 illustrates the performance of TCM, TTCM, BICM and BICM-ID using 64QAM over AWGN channels. When using a block length of 10000 IBs (2000 symbols), 8-state TTCM with four iterations is the best candidate, followed by the similar complexity 8-state BICM-ID scheme employing eight iterations. Again, TCM performs better than BICM in AWGN channels. When a block length of 1250 IBs (250 symbols) was used, both TTCM and BICM-ID experienced a performance degradation. It is also seen in Figure 5 that BICM-ID performs closer to TTCM, when a longer block length is used. The uncorrelated Rayleigh fading channels implied using an infinite-length interleaver over narrowband Rayleigh fading channels. Figure 6 shows the performance of 64-state TCM, 64-state BICM, 8-state TTCM using four iterations and 16-state BICM-ID employing four iterations in an 8PSK scheme over uncorrelated narrowband Rayleigh fading channels for a block length of 4000 IBs (2000 symbols). These four coded modulation schemes have a similar complexity. As can be seen from Figure 6 , TTCM performs best, followed by BICM-ID, BICM and TCM. At a BER of TTCM performs about 0.7 dB better than BICM-ID, 2.3 dB better than BICM and 4.5 dB better than TCM.
Uncorrelated Narrowband Rayleigh Fading Channels
The error floor of TTCM [4] was lower than the associated EFF bound of BICM-ID. However, the BERs of TTCM and BICM-ID were identical at & , / N o = 7 dB. Figure 7 compares the performance of TCM, TTCM and BICM-ID invoking l6QAM over uncorrelated narrowband Rayleigh fading channels using a block length of 6000 IBs (2000 symbols 
CONCLUSION
In conclusion, at a given complexity TCM performs better than BICM in AWGN channels, but worse in uncorrelated narrowband Rayleigh fading channels. However, BICM-ID using soft decision feedback outperforms TCM and BICM over both AWGN and uncorrelated narrowband Rayleigh fading channels at the same decoding complexity. TTCM has shown superior performance over the other coded modulation schemes studied, but exhibited a higher error floor due to the uncoded IBs over uncorrelated narrowband Rayleigh fading channels.
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